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Equilibrium  Conditions  for  tbs  Average  Stresses  Heasured  by  X-Rays 


by 

X.  C.  Noyan* 


ABSTRACT 


True  mscro-stresses  are  aeasured  with  x-rays  after  aaterlal  processing, 
only  if  there  is  a  unifarj»  plastlc  deforaatlon  in  the  sampled  volume  that  is 
different  than  that  in  the  rest  of  the  material.  In  this  stress-field  the 
components  in  the  direction  of  the  surface  normal  are  usually  negligible  ever 
the  depth  penetrated  by  x-ray  (for  example,  peenlng).  However,  pseudo- 
macroatresaea,  or  baokstreaaea ,  arlae  when  this  condition  is  violated,  for 
example,  if  there  are  aeoemd  phase  particles  and  there  is  a  gradient  of  plastio 
deformation  from  particle  to  matrix.  This  pseudo-macrostress  field  is  three- 
dimensional  and  tb*  stresses  in  the  direction  of  the  surface  normal  can  be 
measured  with  x-rays.  Equations  are  presented  which  allow  estimates  to  be  made 
of  the  magnitudes  of  the  two  kinds  of  stress  fields.  - 


•.■•■•-•rj'sicn  Per 


ri.J  G3A&I 

*  n  fr  r,  -> 

-  1  1*1.  > 

•Oi*OU\3Cd 


"Graduate  Student  and  Research  Assistant,  Department  of  Materials  Science  and 
Engineering,  Technological  Institute,  Evanston,  Illinois  60201 


INTRODUCTION 


Recently,  several  authors1 »2*3  have  been  able  to  detect  the  presence  of 
stresses  normal  to  the  surface  from  x-ray  Measures  ants  of  peak-shifts.  This 
has  been  possible  because  x-raya  penetrate  to  a  finite  depth  and  the  peak 
shifts  depend  on  the  strains  averaged  over  these  depths.  Thus,  stress 
coaponenta  in  direction  "3"  noraal  to  the  surface  (which  auat  be  exaetly  zero 
at  the  surface)  can  contribute  to  peak  shifts.  The  presence  of  such  components 
is  expressed  in  interplanar  spaoing  < d)hj£l  vs  sin2  ♦ »  where  t  is  the  tilt  of 
the  specimen  from  the  normal  Bragg-Brentano  focussing  position  on  a 
diffractometer;  this  plot  is  ourved  when  «  33  is  significant  and  splits  into 
two  branches  for±f  when  c^ and/or are  important.  Suoh  stresses  can  arise 
during  w ear^,  grinding^,  shot-peening^2) ,  carburizing,  eto.  and  so  this  la 
a  practically  important  topic. 

Van  Baal^)  and  Braknan^  have  suggested  that  stress  components  noraal  to 
the  surfaoe  are  not  required  to  produce  «13,  <23.  «33*  but  rather  that  these 
strains  (and  their  associated  effects  on  d  vs  sin2V  )  arise  due  to  elastic 
anisotropy  in  the  presence  of  preferred  orientation.  Such  anisotropy  can 
produce  these  strains  with  only  stresses  parallel  to  the  surface  (  t ,  9  22^ 

In  fact  they  conclude  that  normal  stresses  in  direction  ”3".  and,  as  well, 
can  not  exist  in  ground  samples.  In  reselling  this  conclusion,  they  Invoke  the 

differential  equations  of  eqv'  "turn  at  a  point  in  a  solid.  However,  x-ray 

measurements  average  over  a  i  >  volume  and  these  equations  are  not 
appropriate  in  this  oaae.  In  fact,  there  are  experiments  that  show  this*2*: 
When  a  sample,  which  was  bent  during  grinding,  was  straightened,  the  ahear 
stresses  did  not  change,  but  there  were  large  changes  in  the  normal  stresses. 
The  coupling  of  strains  and  stresses  through  elastic  constants,  as  in  the 
approach  by  Van  Baal  end  Brake  an,  require  changes  in  all  components  of  the 


1 


strain  and  strass  tensors  in  such  a  situation.  Furthermore,  splitting  (for  ± 
if)  is  observed  for  aild  steel  but  not  for  Armeo  iron  whan  the  same  grinding 
paraaeters  are  used  in  processing  the  samples*2*. 

Wo  will  show  in  this  paper,  that  whan  there  are  "hard”  and  "soft"  regions 
in  a  material,  (such  as  matrix  and  precipitates,  grain  boundaries  and  grain 
interiors,  regions  of  high  and  low  dislooation  density,  etc.),  the  appropriate 
averaging  of  the  equations  for  foroe  equilibrium  over  the  voluae  saapled  by  x- 
rays,  leads  to  solutions  which  include  stress  ooaponents  noraal  to  the  surface. 
We  will  use  the  approaches  and  raaulta  developed  by  Eshelby^,  Tanaka  and 
1101.1(8,9,10)  and  Mura*11*  for  this  purpose. 

THEOBY 

This  will  be  presented  in  two  parts:  Zn  the  first  part  soae  asauaptlons 
Inherent  to  the  x-ray  neasureaent  of  residual  stress  and  the  equations  of 
equilibrium  applicable  to  x-ray  stress  measurement  will  be  dlsoussed  .  In  the 
seeond  part,  the  total  stress  state  formed  in  the  near-surface  layera  of 
materials  containing  hard  and  soft  regions  (which  arises  when  the  surface 
layers  are  plastically  deformed)  is  discussed. 

A.  The  I-rar  Measurement  of  Besidual  Stress 

Despite  the  title  of  this  section,  we  remind  the  reader  that  x-ray  methods 
measure  strains  in  the  surface  layers  of  a  material.  These  strains  are  then 
converted  into  stresaea  using  various  assumptions  as  to  the  stress  state  and 
anisotropy  (preferred  orientation)  existing  in  the  surface  layers1 12» *3) . 

The  basic  principle  of  obtaining  the  strains  is  simple*12*;  the  interplanar 


spaeings  of  a  specific  fora  of  planes  are  obtained  from  grains  at  different 
orientations  to  the  surface  normal.  This  is  achieved  by  tilting  and  rotating 
the  specimen  with  respect  to  the  incident  bean  (Fig.  1).  These  spaelni 


then  converted  into  strains  with  the  forauls: 

(i) 

Where  d^  is  the  spaoing  in  the  direction,  ,  defined  by  the  anglea  «  ,  f 
(figure  2)  and  ”d*0  la  the  spaoing  of  the  stress- free  aaterlal. 

Two  oajor  assuaptlona  are  lneluded  In  the  above  treataent: 

1)  Slnoe  the  strains  froa  different  grains  are  used  to  ealoulate  the 
stress  tensor^1 *,1 3>#  the  stresses  are  aasuaed  to  be  constant,  or  varying 
indentleally,  in  all  the  grains  saapled. 

2)  The  spaolngs  ^  in  equation  (1)  are  obtained  froa  the  angular  value 
of  the  Bragg  peak  corresponding  to  the  diffraction  planes.  This  value  la  an 
average  value,  over  the  total  penetration  voluae  of  the  x-rays.  Only  strain 
fields  that  are  constant,  or  slowly  varying,  la  the  aeaaureaeat  voluae 
contribute  to  the  position  of  the  Bragg  peak.  Rapid  fluctuations  cause 
broadening  of  the  peak  but  do  not  affect  the  peak  position^ 3.1  *)a  Thus  the 
stresses  deteralned  froa  the  x-ray  data  are  average  values  and  nay  not 
represent  the  stress  at  a  specific  point  in  the  voluae  of  the  aeasureaent. 

3)  In  aeasureaents  on  nultl-phaae  aaterlals  there  la  another  llaltatlon: 
If  the  structure  and/or  the  lattice  paraaeter  of  phases  existing  In  the 
aeasureaent  voluae  are  different,  the  average  strains  of  only  one  phase  Is 
obtained  with  the  use  of  a  given  reflection.  The  strains  in  the  other  phases 
aust  be  deteralned  by  the  use  of  their  characteristic  reflections.  This 
property  pernits  the  deteralnatlon  of  pleoevlse-eontlnuous  strain 
distributions;  l.e.  when  the  strains  are  continuous  in  respective  phases  but 
not  across  phase  boundaries  (figure  3)* 
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How,  all  Internal  stress**  existing  in  a  free  body  at  equllibrlua,  with  no 
surface  traotlons  applied  at  the  surfaces  oust  obey  the  following  differential 
equations  of  equllibrlua: 


In  the  body  voluae,  and, 

pjj  .  lij  /  (&  m^) 

at  the  surface  of  the  body.  Here  n^  is  the  unit  noraal  vector  at  the  boundary 
(surface)  of  the  body  and  auaaation  over  repeated  indices  is  laplled.  Eqn. 
(2a)  1*  the  force  balance  of  an  lnfinlteslaal  eleaent  in  the  body  and  (2b)  is 
the  force  balance  if  the  lnfinlteslaal  eleaent  has  a  surface  boundary.  If  no 
surface  tractions  exists.  (2b)  aust  be  zero  for  the  body  to  be  at  equllibrlua. 
(Van  Baal  and  Brakaan  have  used  eqn. (2a)  to  conclude  that  stresses  in  the 
direction  of  the  surface  noraal  can  not  exist  for  ground  speclaens.) 

Proa  eqn.  2  it  can  be  shown  that  the  average  of  any  stress  over  the  whole 
body  is  zero*11*: 

jViD.o  ,  (j; 

0  • 


Where  D  is  the  total  voluae  of  the  body.  It  aust  be  eaphaslzed  that  equation 
(3)  is  valid  if  and  only  if  eqna.  (2a)  and  (2b)  are  satisfied.  This  is  easily 


Integrating  (3)  by  parts,  and  with  "X"  the  distance  coordinate  in  the  *3* 


direction: 


[  ®ik 

D  l$l  0 


x,  Jd 


S 
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The  first  integral  on  tbo  right  hand  side  is  over  tbs  boundary  of  tha  body 
| x>|  •  where  olk.  nk  ■  0.  (eqn.  2b),  and  tha  second  integral,  in  the  voluae  D,  is 
zaro  as:  olk>k  ■  o,  (aqn.  2a). 

For  a  two-phase  aatcrlal  (3)  can  be  written  aa: 

JD.o  V) 

t  1  p-A  3  A  J 

where  Q  is  tba  voluae  of  tha  second  phase.  Rewriting  aquation  (5): 


or: 


(p-nj 

lo-n.J 


(p-jV  «•  A  *  0 


{6 


aultiplying  both  sidaa  of  6-b  by  1/D  we  obtain: 


(f-c) 


where  f  la  the  voluae  fraction  of  the  aeeend  pbaae  and  <v  ij>a*  <  9ij>p  *r*  the 
average  stresses  in  the  aatriz  and  preoipltates  respectively. 


Thus  when  average  stresses  obey  Eqn.  6e,  the  true  stress  distribution  at  a 
point  obeys  Eqns.  2a,  2b. 


It  is  olaar,  froa  the  above  arguaents,  that  for  two-phase  aaterlals, 
residual  stress  values  obtained  by.  x-rays  oould  be  substituted  in  Eqn.  6c  to 
check  if  2a,  2b  are  indeed  obeyed.  However,  deviations  aay  still  oocur  since 
the  stress  carried  by  grain  or  phase  boundaries  is  not  taken  into  account. 


This  effect  aay  cause  an  apparently  non-zero  value  for  eqn.  3  when  residual 
stresses  are  aeasured  by  x-rays.  Suoh  stresses  are  called  Pseudo-aaerostresses 
and  have  been  observed  in  single  phase  and  aulti-phase  aaterlals. 
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"Hard"  and  "Soft"  Region* 


When  a  two  phase  material  (where  one  of  the  phases  is  stronger)  is 
subjected  to  surface  deformation  through  processes  sueh  as  shot-peenlng  or 
grinding,  the  surface  layers  suffer  plastio  deformation  with  moat  of  c 
occurring  in  the  weaker  phase.  For  example,  in  shot-peening,  with  the  shot 
arriving  normal  to  the  surface,  the  (total)  plastio  strain  will  be: 

(£')  -  f  4  )  ,  W 

j  \  0  £jj  ) 


where,  from  conservation  of  voltSM  •  t *  -1/2  ^3. 


These  plastio  stresses  imply  a  length  change  in  the  surfaee  layers  which 
are  elastically  constrained  by  the  bulk  (where  plastio  deformation  is  limited. 
Fig.  4).  Thus  to  a  first  approximation,  we  may  represent  the  surface  layers  of 
the  specimen  as  a  slab  of  thickness  h^  and  length  L,  where  hj  is  the  depth 
beyond  which  plastio  deformation  is  nil.  The  length  L  represents  the  final 
length  of  the  material  after  processing.  The  constraining  effect  of  the  bulk 
is  taken  into  account  by  applying  appropriate  tractions  Fj  at  the  boundary  of 
this  equivalent  slab  (Fig.  5).  These  tractions  will  cause  a  "macro  residual 
stress"  field  in  the  slab.  (There  will  also  be  a  micro  residual  stress  field 
because  of  the  plastic  deformation  differential  between  phases,  which  will  be 
treated  later.) 


For  shot-peenlng,  the  maerostresses  in  the  surfaee  layer  will  be: 


t  •  91 
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wbere  L  is  tbs  final  lsagtb  of  tbs  Bstsrial,  l0«.S  is  tbs  length  tbs  surfsos 
would  attain  if  dstaobsd  fron  tbs  bulk  and  E  is  tbs  Young's  nodulus  of  tbs 
eoa posits  aatsrial.  Of  oourss,  in  praotios  La«-$  cannot  bs  asaaursd.  Howsvsr, 
ws  oan  find  s-j^,  «22  bjr  considering  tbs  equations  of  equilibrlua  ovsr  tbs 
total  body  (bulk  and  surfaea  laysrs). 


Tbs  strssass  in  tbs  bulk  aftsr  ahot-peening  will  bs: 

e  <"'u  ' 

whsrs  L0  is  tbs  initial  lsngtb  of  tbs  body  prior  to  shot-peening. 


Sines  tbs  nst  fores  on  any  plans  eutting  through  tbs  apselasn  oust  bs  zero, 

wo  bass: 

kl  ». 

bars  bt  is  tbs  total  thlelaesa  of  tbs  oatarial. 

Thus,  tram  Eqns.  9  and  10: 

m.)  .  £.  ShzJa!  .  <»  —  y  ('•) 

wysvtjmu  ht  Us 

for  sbot-pssnsd  oatsrials. 


Tbs  strssass  given  by  eqn.  (11)  will  bs  constant  through  tbs  matrix  and  tbs 
prsclpitatss  in  tbs  surfaos  laysr.  Thus  thsir  avsraga  valua  will  bs  squal  to 
tbsir  value  at  a  point.  Zf  tbs  surfaos  laysr  is  rsplaesd  by  tbs  squivalsnt 
slab*  (Pig.  5a),  tbs  aquations  of  squilibriua  for  this  slab  will  bs: 

C^jsO  ,  to  tie  /  (l-V 

dj.fr  /  (l^ 


This  rsplaesasnt  is  possible  sines  hj  is  larger  than  tbs  penetration  depth  of 
x-rays. 
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The  forces  F^,  ss  stated  esrlier,  represent  the  constraining  effect  of  the 


bulk. 


It  is  seen  from  Eqna.  12  and  *  that  Eqn.  6c  is  not  spplieable  to  the 
aaerostress  given  by  Eqn.  11. 

The  alcrostresa  field  occurs  as  a  result  of  the  differential  plastic 
deforaation  between  the  aatrix  and  the  second  phase.  This  field  contains 
ooaponents  that  are  rapidly  varying  with  distance  in  the  aaterial  and  also 
eoaponents  that  are  fairly  constant  with  distance.^. 9. 11.15)  xt  has  been 
shown  that^10*11*1^  when  Integrated  over  a  voluae  containing  a  large  nuaber  of 
second-phase  particles,  the  rapidly  fluctuating  stresses  average  to  zero,  while 
the  constant  ocaponenta  yield  finite  values  for  each  phase  respectively.  These 
values  will  satisfy  Eqn.  6o,  and  are  called  "Pseudo-Macro stresses"  (PM3)  in  the 
following  discussion  in  keeping  with  the  usual  teralnology  of  x-ray  stress 
aeasureaents . ( 14) 

Since  plastio  deforaation  occurs  only  in  the  surface  layers,  the  PNS  field 
exist  only  in  this  surface  layer.  Thus,  only  the  equivalent  slab  (Fig.  5)  will 
be  considered.  To  further  slapllfy  the  solutions,  we  ignore  the  surface 

p 

tractions  F*  and  calculate  the  PNS  values  for  a  slab  with  plastic  strains  *1j 

distributed  uniforaly  through  the  voluae.  We  also  assuae  that  these  strains 

occur  only  in  one  phase.  The  total  stress  field  will  then  be  obtained  froa 

superpoaltion  of  the  PNS  field  and  the  aaorostresses  given  by  Eqn.  11.  This 

procedure  la  approxlaate  in  that  the  atresses  due  to  differences  in  elastic 

constants  between  the  phases,  caused  by  the  aacrostreases  are  neglected.*  In 

the  following  treataent  we  follow  procedures  developed  by  Mura  in  reference 

•When  the  elastic  constants  of  the  aatrix  and  the  precipitate  are  different,  a 
given  aaerostress  will  cause  different  elastic  strains  in  the  phases.  However, 
since  dlsplaoeacnts  aust  be  continuous  across  the  boundary  between  phases  an 
elastic  stress  field  will  arise. 


(11) 


4a sua*  that  this  sl  ab  of  total  voluaa  D  ha*  ”M0"  praolpitatas  that  ara 
alliptleal  ia  ahapa.  Tha  total  voluaa  of  tha  praelpltatas  1*0.  Thara  ara 
plastio  strains  that  ara  unlforaly  distributed  la  aaoh  praelpltata.  Tha 
aquation  of  aqulllbriua  for  any  atraaaas  existing  In  tha  slab  la  givan  by  Eqn. 
6c. 


Tha  non  stress  in  tha  aatrlx  <  o^j>a  can  ba  written  as: 

is  tha  average  elastic  strain  In  tha  aatrlx.  If  a  single  praelpltata  Is 
randoaly  Inserted  Into  tha  aatrlx  (for  largo  VQ  this  will  not  change  f).  The 
stress  In  this  now  praelpltata  will  be:*11* 

Bara  e  la  tha  stress  calculated  for  a  single  precipitate,  containing  plastio 
strain  present  In  an  Infinite  aatrlx. 

Slnoa  tha  praelpltata  can  be  Inserted  at  any  place  In  tha  aatrlx  (wa  ara 
aasualng  a  randoa  distribution  of  precipitates)  given  by  aquation  (14)  Is 
tha  average  stress  In  tha  precipitates. 

felting  Hooke's  law  for  the  precipitate: 


where  e^  Is  tha  average  elastic  strain  In  tha  aatrlx  and  s^  is  tha  total 
strain  In  the  precipitate  containing  plastic  strains  s^.  Thus  tha  tara  in 
tha  brackets  is  the  total  elastic  strain  In  tha  praelpltata  inserted  into  tha 
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matrix 


Solution  of  aquation  (15)  is  possible  through  the  equivalent  inclusion 
method  of  Eshalby.^*1^ 

Writing  Hooke's  law  for  the  equivalent  inclusion  which  has  elastic 
constants  (the  same  as  the  matrix): 

o-fj  -  CjH  (Ki  *  4i  -  4i  *  )  /  W 

Where  is  the  "elgenstrain"^  ^ ,  that  must  be  introduced  into  the 

equivalent  inclusion  such  that: 

c;k|  («w  -£l\)  -  C<£\  (eki  *  £u  ~  ^  ,  UV 


where: 


r**  e*  / 


Assuming  the  matrix  and  the  preoipltate  both  to  be  isotropic*,  Eqn.  (17) 
becomes: 

l  |  etj  t-  -  £/j  j  ♦  X  {  eu  +  ~  }  = 

Here  p*,  \*,p,  and  X  are  the  Lame  constants  of  the  precipitate  and  matrix 
respectively. 

Equation  (18)  can  be  expressed  in  a  more  useful  form  by  defining  the 
deviator ic  strains:*11* 


'e’r  ev  -  yU/j 


•For  isotropio  materials: 
Ktrt  Tjj 


Ul’Cj  10 


/ 


Oo-  tj 

(  10- c) 


£J  *  '  S  £'1  ^ 

x; ,  s’  -  ^sU/, 


(lo-  <!) 


Substituting  Equation  (20)  in  Eqn.  (19)  and  re-arranging: 


.(11) 


if  5«<  -y>5  i  ’  ‘r  ivj  ’'£j  - £" !  - 

'l"'u 


Where  K*  and  k  are  the  bulk  aoduli  of  the  precipitates  and  the  aatrlx 
respectively:  (K  ■  X  *2ji  /3) . 

For  shear  strains  (it  j)  Eqn.  (21a)  baeoaas: 

2f*  [e°j T \*lr  l e\  *  C;j  -  c**i  J  >  {n) 

since  all  6  jj  a  0  for  this  ease. 

The  unknowns  can  be  expressed  in  terns  of  each  other  by  the 

property:  (7*n)  _*» 

*  ^jjki  ^ki  /  (ty 

Where  S^jj^  are  the  Eshelby  tensors  associated  with  the  precipitate  shape. 

Thus  from  Eqns.  (22)  and  (23): 

fr  l2(r^«V^T^4(r'-r,4,,  wrj 


1 1 


(l<i) 


for  1*  J. 


*5 

n 

* 

~w 

t; 

ft 

a 

k 


★  *  o 

Another  equation  between  the  unknowns  cjj,  e^j,  is  obtained  by  re¬ 
writing  Eqn.  (60).  This  is  done  by  substituting  Eqn.  (23)  into  Eqn.  (16)  and 
substituting  the  results  and  Eqn.  (13)  into  Eqn.  (6o).  rewriting  the  final 
result  for  isotropic  aaterlala  by  using  Eqn.  (17b): 


+  *  ekk  T  ^  f  ^  £Z  ~  c*j  ’  + 

X  ( S«u  C  +  W*  *  SmfZ  -Cn-° 


For  shear  strains  1  ♦  J,  we  have: 

zfe'j  i2jr($jU  ?ki-  f(j )] s  °  ,  v 

froa  Eqns.  (24)  and  (25b)  we  obtain: 


£°._  £t.  .  - - *  (M) 

for  i*J. 

The  average  shear  stresses  in  the  aatrlz  are: 

-  lt7) 

Here  ef  j  is  given  by  Eqn.  26.  The  average  shear  stresses  in  the  precipitate 
are  then  found  froa  Eqn.  (6c). 

Unfortunately  the  solution  for  noraal  stresses  (isj)  la  auch  harder:  Froa 
Equations  (19)  and  (23)  we  can  obtain  three  equations  in  six  unknowns  e® j  and 

M  Q  irh 

clj  'for  Another  three  equations  in  e^j  and  are  obtained  froa  the 
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equlllbriua  Eqn.  (25a).  Then,  and  ean  b«  obtained  f roa  the 
siaultaneoux  solution  of  these  sis  equations.  Explicit  solutions  will  not  be 
given  here;  however,  it  can  be  seen  by  lnspeotion  that  for  i*J  will 

be  a  function  of  the  plastic  strain  Cjj  *  the  clootie  constants  of  the 
oatrlx  and  precipitate  and  the  Eshelby  tensors 


DISCUSSION 

A.  Shot-Peening 

If  the  surface  of  a  two-phase  oaterlal  is  shot-peened  with  the  shot 
iapinging  in  the  direction  of  the  surface  normal  P3  the  plaatio  strains  are 
given  by  equation  (7).  Thus  froa  Eqn.  26,  there  will  be  no  Pseudo-aeoro  sheer 
stresses.  The  surface  layers  will  have  Maoro-atresaea  o  ?1Ho°rot  o22Mocro 
given  by  Eqn.  11  and  pseudo.  Maero  stresses  9  22*'  froa  Eqn.  27. 

The  stresses  in  the  surface;  o11(  022*  determined  by  x-rays  will  contain 
both  coaponents  whereas  any  C33  value  will  be  a  Pseudo-aeoro  stress  (Provided 
is  unifora  with  depth  in  the  peeened  layer). 

B.  Grinding 

Consider  figure  (6).  For  this  ease  the  grinding  is  along  in  Fig.  2. 
The  plaatio  strains  at  the  surface  layers  will  be: 


The  aagnitudes  of  «£j  depend  on  grinding  paraaeters  such  as  depth  of  cut, 
eooling,  feed  rate,  etc.  It  ean  be  aeon  froa  Fig.  6  that  8*3  will  change 
direction,  when,  for  a  given  direetion  of  wheel  rotation,  the  feed  direction  is 
changed.  Froa  Eqn.  27*  this  will  cause  the  pseudo-aaero  residual  stress  ^3  to 
change  sign.  Assuaing  that  in  Eqn.  (28)  are  unlforaly  distributed  with 


depth,  the  total  streaa  tensor  (determined  by  x-rays)  at  the  surfaoe  layers 

will  have  aaoro  components  o11M*cro,  022***°™  *nd  pseudo-macro  components* 

9  P.M  a  P.M  g  P.M  ^  g  P.M 
11  *  22  •  33  *na  13  * 

If  we  examine  the  residual  stresses  produced  by  grinding  in  reference  (3) 
for  steels  (2-phase  materials)  we  see  that  there  is  a  trl-axlal  stress  state  in 
the  surface  layers,  in  accordance  with  the  predictions  made  above,  the  9^3 
component  of  which  changes  sign  with  direction  of  feed,  as  predicted  above.  It 
was  also  found  that  the  stress  state  calculated  from  the  curvature  of  the  bar, 
which  occurred  during  grinding  due  to  macro-residual  stresses,  does  not  agree 
with  x-ray  results,  as  the  Pseudo-macro  components,  which  affect  the  x-ray 
measurement,  do  not  cause  curvature. 

It  is  also  seen  that  straightening  the  samples,  which  will  relax  the  macro- 
stress,  do  not  affect  9^3.  This  is  expected  since  straightening  cannot  produce 
-  <^3,  where  ^3  was  originally  caused  by  the  tangential  force  of  the  grinding 
wheel.  For  Armco.Iron,  ground  with  the  sane  parameters  as  the  steels,  no  9,3 
is  reported,  and  we  prediot  none  as  this  is  a  single-phase  material.  However, 
a  ®33  value  is  reported.  This  value  might  be  due  to  anisotropic  plastic  flow, 
where  certain  regions  of  the  material  do  not  flow  plaatlcally  and  act  as  "hard” 
regions.  It  might  also  be  due  to  a  realdual  error  in  the  analysis  since  a  low 
t- range  (0-43°)  was  employed.  It  has  been  recently  shown  that  when  steep 
stress  gradients  are  present  in  any  component  of  the  stress  tensor,  use  of  a 
high  t  -range  (39-60)  is  more  accurate/  ^) 


•The  stresses  that  we  call  Pseudo-Macro  stresses, 
have  also  been  called  "Back  Stresses"  in  studies 
This  Back-stress  has  been  observed  in  both  multi-phase' 
materials. 


is,  following  x-ray  eemverUon 
of  the  Bauschlnger  effect,;;®; 
-phase'1**  and  tingle-phase'20* 
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CONCLUSIONS 

1)  In  aultl-phase  aaterials,  residual  stresses  aust  be  aeasured  in  all 
pbaaas  if  possible,  if  it  is  of  interest  to  know  if  there  are  pseudo-aacro 
stresses.  If  Eqn.  (60)  is  satisfied,  tbe  stress  field  oonsists  of  only 
pseudo-aaero  stresses. 

2)  Care  suet  be  taken  in  tbe  application  of  differential  equations  of 
equillbriua  to  x-ray  data.  Vben  only  stresses  in  a  single  phase  of  a  aultl- 
pbase  aaterial  are  reported,  no  ooneluaiona  oan  be  derived  froa  Eqns.  2a,  2b, 
with  stresses  obtained  flroa  x-ray  analysis. 

3)  Sbear  stresses  in  tbe  near-surfaee.  regions  of  ground  two-pbase 
aaterials  do  not  necessarily  violate  any  equillbriua  equations  and  so,  do  not 
iaply  tbe  presence  of  preferred  orientation. 

4)  4  Pseudo-Macro  stress  field  Mists  in  surface-deforaed  aaterials,  even 
if  a  single  phase,  and  this  field  aay  be  aeasured.  Its  aagnltude  will  depend 
on  tbe  relative  strength  of  tbe  phases  (on  load  bearing  regions),  and  on  the 
aaount  of  plastic  deforaatlon. 

5)  More  results  on  tbe  aaero  and  paeudo-aacro  stresses  in  such  aaterials 
would  be  of  interest. 
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CAPTIONS 


Figure  1.  Sohsaatle  of  •  diffraetoaotor  for  Strasa  aeasursaent. 

a)  Certain  atcaio  plane#  satisfy  Bragg's  law  and  diffract  x-rays 
at  a  20  value  which  depends  on  the  spacing  of  the  hkl  planes. 
This  spacing  is  af footed  by  atresaea. 

b)  After  the  speoiaen  la  tilted,  dlffr action  ooours  Proa  other 
grains,  but  froa  the  saae  set  of  planes.  Slnoe  the  noraal 
stress  eoaponent  on  these  is  different  than  in  (a) ,  the  plane 
spaolng  Mill  be  different,  as  will  the  diffraction  angle. 

Figure  2.  The  definition  of  the  speoiaen  axes  P^  which  define  the  surface,  and 
the  aeaaureaent  direction,  . 

Figure  3.  A  plcoe-wlse  continuous  stress  distribution.  The  shaded  regions 
represent  the  stress  in  precipitates  and  are  Invisible  to  x-rays  If 
only  a  reflection  Proa  the  aatrlx  is  exaalned. 

Figure  4.  Definition  of  aurfaoe  layer  (a)  and  scheaatle  of  (aasuaed) 
distribution  of  plastic  defora atlon  with  depth  In  the  aaaple  after 
shot-peenlng  (b). 

Figure  5.  The  equivalent  slab,  with  constraining  forces  representing  the 
effect  of  bulk  <a),  and  la  relaxed  state  (b). 

Figure  6.  The  forces  aotlng  In  the  wheel  and  in  the  surfaoe  layers  during 
grinding.  The  feed  is  In  the  direction  of  Fig.  2,  It  can  be  seen 
that  if  the  feed  direction  la  reversed,  the  tangential  foree  Ft, 
causing  will  change  sign. 
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